Functionalized self-assembled monolayers (SAMs) are the focus of ongoing investigations because they can be chemically tuned to control their structure and dynamics for a wide variety of applications, including electrochemistry, catalysis, and as models of biological interfaces. Here we combine reflection 2D infrared vibrational echo spectroscopy (R-2D IR) and molecular dynamics simulations to determine the relationship between the structures of functionalized alkanethiol SAMs on gold surfaces and their underlying molecular motions on timescales of tens to hundreds of picoseconds. We find that at higher head group density, the monolayers have more disorder in the alkyl chain packing and faster dynamics. The dynamics of alkanethiol SAMs on gold are much slower than the dynamics of alkylsiloxane SAMs on silica. Using the simulations, we assess how the different molecular motions of the alkyl chain monolayers give rise to the dynamics observed in the experiments.
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self-assembled monolayer | dynamics | 2D IR spectroscopy | MD simulation S elf-assembled monolayers (SAMs) on planar metal surfaces enable the tailoring of interfacial properties by functionalization of the alkyl chains. SAMs formed by alkanethiol chains on gold surfaces are of particular interest due to the ordered packing of the chains, chemical stability, and facile methods of preparation, as well as the diverse array of chemical functionalization that can be added (1) . The properties of SAMs on gold have led to applications including electrochemical devices (2) , surface patterning (3), model biological surfaces (4) , and heterogeneous catalysis (5) . In many of these applications, the interfacial properties of the monolayer are determined largely by the particular head group linked at the terminal site of the alkyl chain.
The structure of SAMs on gold has been well characterized by scanning probe microscopy (6), helium diffraction (7), X-ray photoelectron spectroscopy (8) , sum-frequency generation spectroscopy (SFG) (9) , and linear infrared spectroscopy (10) . However, to determine how the physical and chemical properties of SAMs are related to their microscopic dynamics and structure and the influence of head groups present in most applications, fast time-resolved experimental techniques, with sufficient selectivity and sensitivity, are required to measure the structural dynamics of a monolayer of molecules on the appropriate picosecond (ps) timescale.
Two-dimensional infrared vibrational echo spectroscopy (2D IR) provides the necessary observables by measuring spectral diffusion, i.e., the time-dependent evolution of the probe vibrational frequency in response to structural fluctuations of the chemical environment (11) (12) (13) . To use 2D IR to investigate monolayer dynamics requires selectivity for the interfacial region. One method to achieve this is to combine 2D IR spectroscopy with SFG (14, 15) , which requires a vibrational mode that has both a large IR transition dipole and a large Raman cross-section. However, for a monolayer functionalized with the vibrational probe, 2D IR is inherently interface-selective, and SFG is not required. In prior work, 2D IR spectroscopy in the standard transmission mode was used to investigate vibrational probe functionalized alkyl monolayers on a thin SiO 2 layer deposited on an IR transparent substrate (16, 17) . The 2D IR of monolayers in the transmission mode is limited to IR transparent substrates. Hamm and coworkers recently combined 2D IR with attenuated total reflection (ATR), allowing them to observe the dynamics of an azide vibrational probe functionalized alkyl chains on sputtered polycrystalline gold surfaces (18) . The azide head groups, with a vibrational lifetime of ∼1 ps, provided surfaceselective measurements of the spectral diffusion at the monolayer's terminal sites for a few picoseconds. The monolayers were immersed in several solvents, and the azide head group probed the interfacial interactions between the monolayer and solvent molecules. However, the short vibrational lifetime made it difficult to capture details of the surface layer dynamics, such as the dynamics of alkyl chains, which occur on timescales of tens to hundreds of picoseconds.
Here, we developed and applied 2D IR spectroscopy directly by operating in the reflection mode, R-2D IR, which can be conveniently used for a wide range of reflective bulk metal surfaces in addition to sputtered layers of metals. Combined with a long-lived metal carbonyl vibrational probe as the head group, we are able to observe the dynamics of functionalized undecanethiol (C11 chain) monolayers grown on crystalline Au(111) surfaces to 40 ps. By measuring the dynamics as a function of head group density, we find that reducing the head group density at constant chain density changes the structure, producing a more ordered monolayer with slower dynamics. The experimental results
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Self-assembled monolayers (SAMs) are a form of nanotechnology that enables the functionalization of surfaces with single layers of chemically designed structures having tuned properties. In contrast to the characterization of time-average static structures, it is challenging to measure the dynamic behavior of SAMs on the timescales of molecular motions, i.e. picoseconds. Here we combine 2D IR spectroscopy and molecular dynamics (MD) simulations to investigate alkyl chain monolayers functionalized with a head group. The dynamics reported by the head group are induced by the alkyl chain motions. For example, it was determined that SAMs with higher alkyl chain gauche defect content have faster dynamics caused by more frequent chain conformational fluctuations.
are compared with molecular dynamics (MD) simulations, which show very good agreement with the structure and dynamics measured in IR experiments. These simulations demonstrate that the motions of the head group vibrational probes are caused by the dynamical rearrangement of the alkyl chain monolayers on timescales ranging from tens to hundreds of picoseconds, and that a variety of alkyl chain motions play an important role in the observed spectral diffusion of head groups. The monolayers with more gauche defects have more frequent chain conformation changes and therefore faster dynamics as observed in the simulations and experiments.
Static Structure of Gold SAMs
To understand the interplay of structure and dynamics first the static structures were characterized. The monolayers studied consist of undecanethiol alkyl chains that are chemically bound to an Au(111) surface. After the deposition of alkyl chains, the rhenium carbonyl vibrational probe (fac-Re(phenC≡CH)(CO) 3 Cl) is attached to the monolayer via a Cu(I)-catalyzed alkyne-azide cycloaddition (CuAAC) reaction ("click" chemistry). In addition to the head group rhenium carbonyl complex (the vibrational probe), there is also a triazole ring, which is formed during the cycloaddition reaction (Fig. 1A) . The synthesis and characterization of the monolayers are described in the Supporting Information. To assess the effect of head group density with constant chain density on the structure and fast dynamics, we prepared monolayers with two different head group densities, 1.9 × 10 14 cm −2 determined using inductively coupled plasma mass spectrometry (ICP-MS), which corresponds to the largest number of head groups that can be attached to the surface, and 0.9 × 10 14 cm
, corresponding to about half of the maximum head group density. The higher head group (HG) density system is abbreviated HG high , and the lower head group density system is HG low . Taking the alkyl chain density in alkanethiol SAMs to be 4.67 × 10 14 cm −2 (17, 19) , the fraction of chains that are functionalized with head groups in the monolayers was ∼40% for HG high and ∼20% for the HG low . Based on the ICP-MS-measured head group density, the distance between two adjacent rhenium centers is calculated to be 0.75 nm for HG high and 1.09 nm for HG low . In the experimental samples, the head groups in the HG high samples are essentially closely packed with an even distribution. The head groups are large enough that once one is attached some adjacent chains are blocked from functionalization. In the HG low samples, the head groups are essentially randomly distributed (17, 19) . In the MD simulations, the head groups are attached to the gold on an evenly spaced periodic grid, chosen to reproduce the experimental density. Fig. 1B shows the normalized Fourier transform infrared (FT-IR) spectra of the vibrational probe carbonyl symmetric stretching mode region for the two head group density samples. The difference in peak frequency is the first indication that changing the head group density influences the monolayer structure. The full widths at half maximum of both peaks are ∼21 cm
. To measure the orientation of the head groups relative to the surface, we performed the polarization resolved FT-IR experiments on this mode, which measure an average orientational order parameter hSi = 1 = 2ð3hcos 2 θ HG i − 1Þ, where θ HG is the angle between the transition dipole moment of the symmetric CO stretching mode of the head group, μ * , and the surface normal (Fig. 1A) . The measurement of hSi provides an experimental measure of this angle, θ HG , and the relationship between these quantities is described in more detail in the Supporting Information. For HG high we obtained θ HG = 54 ± 3°, and for HG low , θ HG = 42 ± 3°. These results show that the head group density influences the monolayer structure.
To unravel how the atomistic details of these monolayer systems give rise to the experimental structure observables, MD simulations of the functionalized SAMs (described in the Supporting Information) at both densities were performed. The MD simulations gave θ HG = 62 ± 1°for HG high and θ HG = 54 ± 1°for HG low , in reasonably good agreement with the experiment. Of particular importance is that the simulations show the change in structure with head group density. Using simulations, we can analyze the orientational distribution of θ HG that gives rise to the experimentally observed average orientational order parameters, hSi and θ HG . In Fig. 2A , the MD simulations of HG low indicate that 80% of the functionalized chains have a θ HG of ∼40°, but there is also a minority of functionalized chains, around 20%, that have θ HG ∼110°. This minor subensemble has the transition dipoles pointing toward the substrate. In the simulation, head groups with a θ HG of ∼40°have the phenanthroline ring oriented almost parallel to the surface, whereas head groups with an θ HG of ∼110°have their phenanthroline rings oriented almost perpendicular to the surface ( Fig. 2A) . Therefore, in HG low the majority of the functionalized alkyl chains have phenanthroline rings oriented parallel to the surface. In contrast, in the HG high simulation with much higher head group density, 76% of functionalized chains' phenanthroline rings are oriented perpendicular to the surface with θ HG > 90°, although only a minority have the parallel orientation. The perpendicular orientation minimizes steric hindrance between adjacent head groups, allowing many more head groups to be packed into the same area. In Fig. 2B , a snapshot of the simulation for HG high illustrates that the majority of the head groups are packed in the perpendicular orientation. The reddashed rectangle marks a particular head group with the perpendicular orientation. The change in surface coverage, which results in distinct head group orientation distributions for HG high and HG low , is likely responsible for the difference in the IR absorption center frequencies for HG low and HG high (Fig. 1B) . Both the widths of the IR absorption peaks and the widths of head group orientation distributions are almost the same for the two kinds of SAMs. This suggests that for a given SAM, the distribution of head group orientations can be an important inhomogeneous broadening mechanism.
From simulations, we can also extract the tilt angle of the alkyl chains, θ c , relative to the surface normal, which is illustrated in Fig.  1A . The steric hindrance between head groups can affect this tilt angle. The HG low simulation has an average chain tilt angle of 37 ± 2°, in good agreement with previous experimental (1) and theoretical (20) work on unfunctionalized gold SAMs (∼30°). In contrast, the simulation of HG high yields θ c = 11 ± 1°. The head group interactions in the denser HG high force the alkyl chains to orient in a more upright fashion, deviating significantly from the tilt angle of well-packed unfunctionalized SAMs on gold. The different packing of the alkyl chains for HG high increases the number of gauche defects in the chains as the chain geometry must accommodate the steric interactions among the head groups. The degree of ordered packing in monolayers can be determined by monitoring the C-H stretching region of linear infrared absorption spectra (21) (22) (23) . For both densities, the peak center of the methylene (-CH 2 -) antisymmetric stretching mode was located at ∼2,920 cm , which indicates ordered chain packing with a low percentage of gauche defects, as a large number of gauche defects shifts this peak to higher frequency (23) (24) (25) . In the HG low simulation, 6% of the alkyl chain methylenes have gauche defects, whereas the percentage is 15% for the HG high monolayers. Thus, the chains have a relatively small percentage of gauche defects, consistent with experiment, although the higher head group density sample, HG high , has more gauche defects and a smaller chain tilt angle than HG low .
Probing the Dynamics Using Reflection 2D IR Spectroscopy and Molecular Simulation
Having characterized the static structures of these systems, we now examine the structural dynamics of the monolayer and how the different head group densities give rise to different dynamics. The head group carbonyl symmetric stretch vibrational absorption line is inhomogeneously broadened because of the range of structures that result in different intermolecular interactions of the vibrational probes with their surroundings. Structural fluctuations cause the probes' vibrational frequencies to evolve with time within the inhomogeneously broadened absorption line (spectral diffusion). To probe the dynamics, we used 2D IR spectroscopy to measure the spectral diffusion. In a 2D IR experiment, three infrared pulses (denoted as pulse 1, 2, and 3 in temporal sequence), which selectively excite the carbonyl symmetric stretching mode, were focused and overlapped spatially on the monolayer surface using the Box Coherent Anti-Stokes Raman Spectroscopy (BOXCARS) geometry. The time period between pulse 1 and pulse 2 is denoted as τ and the time period between pulse 2 and pulse 3 is denoted as T w . The interaction of the three pulses with sample leads to the emission of the vibrational echo pulse in the wave vector matched direction. The echo was combined with an external local oscillator pulse (LO) to provide heterodyne detection and phase information. The combined echo/LO pulse is resolved by a spectrograph equipped with a 32-pixel array detector. At a fixed T w , τ is scanned to generate a time domain interferogram for each array pixel (ω m ). Each interferogram was then Fourier transformed to yield the ω τ axis (horizontal axis) in the 2D spectrum; ω m is the vertical axis.
Hence, at each T w , a 2D spectrum is obtained. The dynamical information is contained in the change in shape of the 2D spectrum with T w . Qualitatively, the first two pulses in the sequence label and store the initial frequencies (ω τ axis) of the vibrational probes. During the period T w , the structure and therefore the frequencies evolve. The third pulse and the echo read out the final frequencies (ω m axis), permitting the frequency evolution and therefore the structural evolution to be observed. The decay of the correlation between the initial and final vibrational frequencies is expressed by the frequency-frequency correlation function (FFCF). The FFCF was extracted from the 2D line shape via the center line slope (CLS), which is the T w -dependent portion of the normalized FFCF (24, 25) . To obtain the CLS, a series of cuts is taken through the 2D spectrum near the 2D band center parallel to the ω m axis for a range of ω τ . Each cut is a 1D spectrum, the center line consists of the set of points that are located at the peaks of the 1D spectra obtained from the cuts, and the CLS is the slope of this line. At short T w , the CLS is close to unity, with the spectrum elongated along the diagonal, (the dashed line in Fig. 3, Left) . The elongation shows there is a high correlation between ω τ and ω m . As T w increases, the loss of frequency correlation because of structural evolution causes the 2D spectrum to become more round (Fig. 3,  Right) , and the CLS decreases. The spectral diffusion is measured by the time-dependent decay of CLS values as T w increases. The CLS (normalized FFCF) decay curves are usually modeled with a multiexponential function (12, (24) (25) (26) (27) (28) . The time constants of the exponential terms provide the timescales of the ensemble average fluctuations that contribute to spectral diffusion rather than the rate of a particular structural event.
To perform the experiments on gold substrates, we developed R-2D IR. In this technique, the three excitation pulses and the echo pulse are reflected from the gold surface, which is essentially perfectly reflecting in the IR. The s-polarized component of the electric field at the monolayer surface of an excitation pulse vanishes because of the interference of incident and reflected electric fields. Therefore, it is necessary to rotate the gold substrate, changing each pulse's composition of p and s polarization, to an optimal angle. As the sample is rotated, the p component increases, increasing the signal, but the area of the laser spot becomes larger, decreasing the electric field of each pulse and the signal. However, the larger area laser spot encompasses more vibrational probes, increasing the signal. There is an optimal angle, ∼58°, which maximizes the signal. The calculation of the optimal tilt angle is given in the Supporting Information. Fig. 3 shows R-2D IR spectra for the HG high SAM at T w = 0.5 and 25 ps. The spectra focus on the 0-1 vibrational transition region (red, positive signal); a portion of the 1-2 region (blue, negative signal) can be seen below the 0-1 spectrum. All the information of interest here is obtained from the 0-1 region. At T w = 0.5 ps (Fig. 3, Left) , the spectrum is elongated along the diagonal (dashed line), showing high correlation between frequencies of ω τ and ω m . The calculated CLS values for both HG high and HG low are ∼0.85 at T w = 0.5 ps, demonstrating that inhomogeneous broadening, rather than homogeneous broadening, dominates the absorption spectrum. The homogeneous line widths were determined to be 3.9 and 3.2 cm −1 for HG high and HG low , respectively, which are small compared with the total linewidths of 21 cm . At T w = 25 ps (Fig. 3, Right) , the 2D IR spectrum has changed shape, but the change is not large, indicating that the spectral diffusion is relatively slow. The carbonyl symmetric stretching mode of the rhenium complex head group has a vibrational relaxation lifetime of 11 ps, as measured by the heterodyne-detected transient grating (HDTG) technique (16, 17) . The relatively long vibrational relaxation lifetime enables observation of spectral diffusion for the SAMs to T w = 40 ps.
The normalized experimental CLS decay data for HG high and HG low are shown in Fig. 4 (red points) . Both CLS curves can be fit (red solid curves) with single exponential decays. The experimental spectral diffusion time constants for HG high and HG low are 83 ± 2 ps and 98 ± 5 ps, respectively. These are the timescales for structural fluctuations that cause the vibrational probes to sample frequencies in the inhomogeneously broadened absorption spectrum.
In the MD simulations, the frequency fluctuations can be modeled in terms of electric field fluctuations. The electric field model has been shown to be successful in calculating the FFCF (spectral diffusion) from classical MD simulations (26) (27) (28) . To compare with the experimental CLS, the autocorrelation function of the electric field from all components of the monolayer projected along the head group's carbonyl symmetric stretching mode transition dipole vector was computed. We used this electric field-electric field correlation function (EECF) and a Stark tuning constant to calculate the FFCF, which was in turn used to compute the response functions for simulating the 2D IR spectra (24, 25) . Using the calculated 2D IR spectra as a function of T w , the CLS decay curves were obtained from the simulations (blue points in Fig. 4 ). The simulated data (blue points) were fit with single exponential decay functions (blue curves). In the simulation the RePhen(CO) 3 Cl moiety is treated as a classical rigid body, which means that the simulation does not probe ultrafast motions of the head group itself, which may contribute to the homogeneous linewidth. Because we are interested in dynamics on timescales that are relevant to monolayer molecular conformational motions (∼tens of picoseconds), we are only concerned with spectral diffusion and not the homogenous dephasing. Therefore, in Fig. 4 all CLS curves were normalized by dividing by the initial CLS value at the earliest T w of each curve.
As seen in Fig. 4 , the agreement in timescales of spectral diffusion between theory and simulation is very good, demonstrating that the simulations capture the essential molecular motions that are observed in the experiments. The experimental time constant is 83 ± 2 ps compared with the simulated value of 100 ± 10 ps for HG high , and for HG low the experimental time constant is 98 ± 5 ps and the simulated time constant is 135 ± 15 ps. The simulations capture the fact that the spectral diffusion slows when the head group density is decreased.
Given that the simulations show that the structure of HG high is more disordered than HG low (as indicated by higher chain tilt angle and increased percentage of gauche defects), the simulation results demonstrate that the monolayers with more ordered chain packing have slower dynamics, as measured by the spectral diffusion. This is consistent with previous work on functionalized undecylsiloxane monolayers on amorphous SiO 2 , where even faster spectral diffusion time constants of ∼40 ps were observed (17) . The undecyl chains on amorphous SiO 2 have many more gauche defects compared with their undecanethiol on gold counterparts. The increase in gauche defects is shown by the fact that on SiO 2 the C-H anti-symmetric stretching mode appears at 2,925 cm −1 (17) . The weak Au-S bonds in SAMs on gold facilitate the migration of alkanethiol chains so that highly ordered packing can be achieved via a facile 2D "recrystallization" process (1), which is not possible in the alkylsiloxane SAMs due to the strong Si-O bonds. The net result is a picture in which the packing of chains on SiO 2 is more disordered, facilitating faster structural evolution and faster spectral diffusion.
Determining the Origins of Spectral Diffusion in Gold SAMs
To gain insights into the origins of the spectral diffusion, we examined details of the simulated electric field correlation function. The EECF is closely related to the 2D IR spectral diffusion observable, the CLS, but not identical, and the CLS can be obtained from the EECF using the procedure described above (24, 25) . First, we decomposed the simulated EECF into contributions from the different components of the system, which are shown in the Supporting Information (27, (29) (30) (31) . This decomposition reveals that the EECF of a given head group has two major contributing components that have nearly equal weights: the electric fields arising from the phenanthroline rings of the rhenium complex anchored on the nearest-neighbor chains, and the electric fields from triazole rings anchored on the nearest-neighbor chains. The sum of all of the remaining contributions to the EECF (including the Re atom, neighboring CO and Cl ligands, and the alkyl chains) is nearly zero for both HG high and HG low .
To assess what motions these decomposed EECF contributions correspond to, we compared them to other characteristic correlation functions of motion in the system. We find that at both densities, the portion of the EECF that comes from neighboring phenanthroline rings is nearly identical in shape and timescale to the orientational autocorrelation function of the carbonyl symmetric stretching transition dipole vector, i.e., orientational motions of the head groups. Both the in-plane wiggle and out-ofplane wobble orientational dynamics of the rhenium complex take place on the timescale of ∼110 ps for the high density sample. The portion of the EECF that comes from the triazole component has a nearly identical shape and timescale to that of the triazole dihedral autocorrelation function, which is related to rotation of the triazole ring relative to the underlying alkyl chains (Supporting Information). Therefore, the simulation reveals that the electric fields fluctuations that are measured by the spectral diffusion come primarily from the orientational motion of the rhenium complex, as well as the rotational motion of the triazole ring.
Because of the chemical attachment of the head groups to the alkyl chains, the head group and triazole ring motions that cause spectral diffusion can be driven by the underlying chains, even though the alkyl chains' electric fields only contribute a negligible component directly to the total EECF. To assess the extent of this coupling, we performed a simulation in which we increased the mass of all of the alkyl chains by a factor of 10, leaving the mass of the head groups unchanged (described in the Supporting Information). This change decreases the average speed of all of the atoms in the alkyl chain by a factor of 1 = ffiffiffiffi m p ∼0.316, but has no effect on the structural properties of the simulation. If the alkyl chains and head group possess strongly coupled dynamics, then the increased mass of the chains would increase the observed spectral diffusion time constant. Alternately, if the head group spectral diffusion is not influenced by the underlying chain motions, increasing the mass would have no effect on the simulated 2D IR spectra. In the simulations, increasing the mass slows down the spectral diffusion by a factor of ∼1.3, with the simulated spectral diffusion time constant of HG high increased from 100 to 135 ps, and that of HG low increased from 135 to 170 ps. This result demonstrates that the motion of the alkyl chains and the spectral diffusion of the head groups are coupled.
We next consider which dynamical events in the alkyl chains lead to spectral diffusion. Although there are a large number of types of chain motions, we will focus on two well-defined distinct events. In the simulation, alkyl chains in the monolayer undergo frequent conformational changes arising from dihedral flips (changes in the carbon chain torsional angle) between the gauche and anti-conformers. These dihedral flips occur on average every 18 ps for HG high and every 24 ps for HG low . In addition, the chains also undergo triazole rearrangements, in which the triazole ring rotates between its dihedral minima relative to the alkyl chain. The effects of these motions on the structure are shown in the Supporting Information. Triazole rearrangements occur every 74 ps on average for HG high and every 92 ps on average for HG low . Notably, the frequency of both of these events is about ∼30% lower in the HG low simulations, which is similar to the increase in the spectral diffusion time constant in the HG low simulations. The slowing of spectral diffusion is also consistent with the fact that HG low has a lower percentage of gauche defects in the alkyl chains. Because dihedral flips and triazole rearrangements occur on similar timescales as the experimental spectral diffusion, we assessed the role of these events.
To assess whether dihedral flip and triazole rearrangement events are reported on by the experimentally observed spectral diffusion, we calculated the conditional EECF of HG high following one of these events happening at time t = 0. That is, we consider the subensemble of trajectories in which that particular event occurred at t = 0, and calculate the conditional EECF by averaging only over this subensemble. If the occurrence of the event is not coupled to the spectral diffusion, then the EECF will be unchanged when averaging over this subensemble. In contrast, if the event is coupled to the spectral diffusion, then the conditional EECF will decay either slower or faster depending on whether it hinders or aids spectral diffusion.
We first applied this approach to dihedral flips. Because dihedral flips can occur at many different positions in the 11-carbon alkyl chain, to assess how far down the chain these events are reported in the spectral diffusion we calculated the conditional EECFs as a function of dihedral position in the chain. In particular, to create the subensemble used to compute the conditional EECF we considered whether a dihedral flip had occurred in the top part of the chain (the first three carbon dihedrals closest to the triazole ring), the middle (carbon dihedrals 4-6), or the bottom part of the chain (carbon dihedrals 7-10). The conditional EECF time constants are 85 ps for the top of the chain, 102 ps for the middle of the chain, and 135 ps for the bottom of the chain. Therefore, dihedral flips in the top and middle parts of the chain decrease the decay time constant of the EECF from ∼110 to ∼80-100 ps in the conditional EECF, indicating that dihedral flips in the top and middle parts of the alkyl chain lead to rapid spectral diffusion. In contrast, rearrangements on the bottom portion of the chains contribute less to the spectral diffusion than the monolayer dynamics in the top half of the chains.
It is important to recognize what these results mean about chain dynamics. In the averaging of trajectories following a dihedral flip, t = 0 is the frame following the flip. Therefore, the flip itself and any electric field change associated with the actual flip are not included in the trajectories. The results demonstrate that a dihedral flip induces other chain motions, both on the chain on which the flip occurs and likely on adjacent chains, i.e., that the dihedral flip event triggers motions that cause spectral diffusion on the experimental (tens of picoseconds) timescale.
We also applied this approach to triazole rearrangement events. The conditional EECF when a triazole rearrangement occurred in the frame immediately before t = 0 had a time constant of 80 ps, which is significantly faster than 110 ps for the EECF. Again, the implication is that the triazole rearrangement causes other chain motions that are responsible for the increased rate of spectral diffusion. From these analyses, we conclude that the spectral diffusion reflects an averaging over many types of chain dynamics, and that dihedral flips and triazole rearrangements contribute to spectral diffusion by driving subsequent chain motions.
Concluding Remarks
Here we have investigated the structure and dynamics of SAMs on Au(111) surfaces that are functionalized with a head group that also serves as the vibrational probe for ultrafast 2D IR experiments and MD simulations. To perform the experiments, 2D IR spectroscopy was advanced to work in a reflection mode. The structural dynamics of alkyl chains were tracked by measuring the spectral diffusion of the carbonyl symmetric stretching mode of the vibrational probe. MD simulations showed very good agreement with the experimental measurements of both dynamics and structure. The dynamics occur on the tens to hundreds of picoseconds timescales, and increasing the head group density at fixed chain density changes both the structure and the dynamics of the monolayer. At maximum head group density, simulations show that the chain tilt angle is 11°, but when the head group density is cut in half, the tilt angle becomes 37°, in agreement with previously measured values in the absence of head groups. Simulations also showed that the higher head group density SAMs have more alkyl chain gauche defects (15%) compared with the lower head group density SAMs with 6% gauche defects, consistent with experiments that show a small number of gauche defects. In addition, the structural dynamics measured by 2D IR and calculated with the simulations are slower when the head group density is reduced. These results demonstrate the impact of functionalization of the alkyl chains with bulky head groups, which occurs in most applications. For both head group densities, simulations demonstrate that there are a number of dynamical processes that contribute to spectral diffusion, including dihedral flips in the alkyl chain backbone and triazole ring flips. The rates of these processes decrease when the head group density and the concomitant gauche defect content are decreased, consistent with the observed slowdown in the spectral diffusion. The results presented here provide a detailed picture of the dynamics and structure of functionalized SAMs at the molecular level, including how the presence of head groups can influence both structure and dynamics.
